plasma Cr from 0.8 to 2.4 mg/dl. Samples from this library were used for measurement of Cr at each of the 14 CRIC laboratories repetitively over time. We used graphical displays and linear regression methods to examine the variability in Cr, and used linear regression to develop calibration equations. We also examined the impact of the various calibration equations on the proportion of subjects screened as potential participants who were actually eligible for the study. Results: There was substantial variability in Cr assays across laboratories and over time. We developed calibration equations for each laboratory; these equations varied substantially among laboratories and somewhat over time in some laboratories. The laboratory site contributed the most to variability (51% of the variance unexplained by the specimen) and variation with time accounted for another 15%. In some laboratories, calibration equations resulted in differences in eligibility for CRIC of as much as 20%. Conclusions: The substantial variability in SCr assays across laboratories necessitates calibration of SCr measures to a common standard. Failing to do so may substantially affect study eligibility and clinical interpretations when they are determined by Cr-based estimates of GFR.
Introduction
Chronic kidney disease (CKD) is recognized to be a significant public health problem as it is common [1] and leads to both end-stage renal disease and excess cardiovascular morbidity and mortality [2] . Serum creatinine (SCr) has been used to assess renal function for decades. In recent years, SCr values have been extensively used in equations to estimate glomerular filtration rate (GFR). These estimating equations such as the Cockcroft-Gault or Modification of Diet in Renal Disease (MDRD) are practical compared with traditional methods of GFR measurement, which require timed urine collection and are, therefore, much less convenient. These equations (described below) only require SCr and a few other readily available parameters such as age, gender, ethnicity, and weight.
A major potential problem in the use of these estimating equations is systematic errors associated with the SCr measurement [3] . Creatinine (Cr) has been recognized to be one of the most variable of routine laboratory tests [4] . Calibration of SCr in most clinical laboratories has not traditionally been standardized to a common gold standard [4] . This variability in Cr measurements has been known for some time, but has not been fully appreciated and addressed. As discussed below, efforts are currently underway to address this nationally. Some investigators have suggested previously that the variability from laboratory to laboratory is predominantly a fixed 'offset', i.e., the differences between two particular laboratories being relatively constant across a range of SCr from low to high [5, 6] , but this assumption has not been rigorously tested.
Any measurement error in SCr will translate into errors in estimated GFR (eGFR) when the SCr values are converted to estimated levels of GFR using the MDRD estimating equation or other estimating equations. This will not only result in misclassification of the renal function of individuals, but in errors estimating the population prevalence of CKD in epidemiologic studies [7, 8] . In addition, if uncalibrated SCr-based eGFR were used as the eligibility criteria for any clinical study, selection bias may result.
The present study aims to examine the variability in SCr measurement across 14 participating laboratories from seven clinical sites of the multicenter NIDDK-sponsored Chronic Renal Insufficiency Cohort (CRIC) Study [9] . Our goals were: (1) to document the variation in Cr assays across the clinical laboratories associated with each of the participating CRIC enrolling sites; (2) to determine the stability of laboratory assays over time; (3) to test whether between-laboratory SCr calibration differences are adequately captured by a 'fixed offset' or whether both slope and intercept corrections are needed (see below); (4) to assess the effect of using uncalibrated SCr data on eligibility for the CRIC Study, and (5) to describe the calibration activities which were ultimately implemented to aid enrollment into the CRIC Study.
Methods

Setting
The CRIC Study is an NIH-funded national longitudinal study of renal insufficiency and cardiovascular disease. Eligibility for this cohort study of approximately 3,600 subjects was based largely on criteria regarding age-specific levels of GFR. Specifically, participants aged 21-44 were eligible if their MDRD equation eGFR were 20-70 ml/min/1.73 m 2 ; participants aged 45-64 were eligible if their MDRD equation eGFR were 20-60 ml/ min/1.73 m 2 and participants aged 65-74 were eligible if their MDRD equation eGFR were 20-50 ml/min/1.73 m 2 . Participants were recruited from 13 discrete clinical sites organized as seven CRIC Clinical Centers across the United States. Although clinical follow-up during the CRIC Study includes some measurement of GFR using the clearance of iothalamate, this evaluation was not practical at the point of screening for entry into the study. Therefore, for the purpose of defining eligibility, GFRs were estimated using a formula derived from the MDRD Study which relies on measured SCr, age, race, and gender [10] .
Creatinine Specimens and Assays A library of 5 large volume plasma specimens from apheresis patients was assembled, representing levels of plasma Cr from 0.8 to 2.4 mg/dl. These large volume specimens were used to provide the opportunity to repeat calibration analyses across the 13 CRIC laboratories repetitively over time (1 of which also serves as the core CRIC laboratory). The mean Cr levels for these specimens, as assayed initially at the Cleveland Clinic laboratory, were 0.8, 0.9, 1.74, 2.06, and 2.4 mg/dl. The Cleveland Clinic laboratory was chosen as the 'reference' laboratory because it had served as the central laboratory for the MDRD Study and so the MDRD equation was based on SCr measurements performed at the Cleveland Clinic. For each of the two calibration studies we conducted over time, 5 aliquots of each plasma specimen were sent to each of the clinical laboratory sites, as well as to the Cleveland Clinic laboratory. Thus, each site performed 25 Cr assays for each study which were performed from April to July 2003 and again from September to December 2004. The laboratories used by some of the clinical sites changed over time, thus there are assays from some laboratories from the first time period, but not the second, and vice versa.
Statistical Analysis
To understand the determinants of the measured level of Cr, we plotted the mean value of Cr measured from each specimen at the first time against the value for the same specimen measured at the Cleveland Clinic 'reference' laboratory; we also plotted the mean value of Cr measured from each specimen by time and laboratory at which the assay was performed. To gauge the reproducibility of Cr measurements at a given time in each laboratory, we estimated intraclass correlation coefficients for all measurements at that time and laboratory; these coefficients measure the proportion of the variance in Cr that is due to differences in specimens rather than differences among replicate assays.
To understand the determinants of the measured level of Cr, we plotted the mean value of Cr measured from each specimen by time and laboratory. To explore more fully the nature of the variability, we performed multiple regression analyses, in which we modeled the Cr as a function of the specimen, the time, and the laboratory. To allow departures from additivity, we considered terms for the interaction between laboratory and the Cr level measured at the central GFR laboratory, and allowed these associations to change from the first to the second period; we included in this regression only laboratories with measurements in both periods. We used a variance components random effects analysis to assess the degree of variability of measured Cr associated with each source and report the results in terms of the standard deviation (SD) due to the component.
We then developed site-specific equations calibrating the Cr measured at each laboratory to the Cr measured and assayed concurrently at the central GFR laboratory. For this purpose, we fit linear regression models, regressing the mean Cr at the reference laboratory on the individual Cr values from the laboratory of origin; the amount of the correction at any site may vary with the initially measured Cr. We tested whether the regression coefficients were the same at all sites, and whether the regression slopes equaled 1. For comparison, we also fit regression models in which the slopes for each site were fixed to be 1 (i.e., intercept only models); in these latter equations, calibration consists simply of adding or subtracting a constant value for any Cr derived from the site.
To measure the impact of variability in laboratories on assessment of renal function, we calculated the corrected eGFR for a subject with given levels of SCr measured at their screening laboratory. In addition, we determined the impact of different calibration methods for recruitment into CRIC, by calculating what proportion of screened subjects would have been eligible using calibrated or uncalibrated Crs. Figure 1 shows the means of the measurements from each of the different specimens at each of the different sites during the initial calibration. Figure 2 shows the measurements for all sites at both the initial and second calibration time point. The mean intraclass coefficient from each of the different sites and times was 0.996, the largest 0.999, and the smallest 0.986, demonstrating that the laboratory measurements at each center at any time were highly reproducible. Several features are notable from figures 1 and 2 . There is substantial variation among the sites in measurements of Cr at all levels of plasma Cr. Second, there is some drift at many sites over time in the measurement of the same sample. There was no consistent direction to that drift. The variability within sites over time appears less than the variability between sites. Table 1 shows the results of a formal regression analysis, predicting the measured levels of SCr as a function of which apheresis specimen was being measured, laboratory at which the assay was performed, and time of measurement. The sums of squares associated with a factor provide a measure of the amount of the total variability in Cr measurement explainable by that factor. Not surprisingly, the true concentration, represented by the specimen, accounts for the largest amount of variability (97.4% of overall variance; SD in Cr due to site 0.7 mg/dl). Overall differences among laboratories provide the next most (51% of variance unexplained by specimen; SD 0.07). Additionally, there are laboratory-by-specimen interactions, indicating that the differences among laboratories are not simply a constant shift or offset associated with each laboratory (this is addressed further below). There are also laboratory-by-time and laboratory-byspecimen interactions, indicating that the way individual laboratories measured Cr changed over time; these account for the smallest amount of variability (sum of squares 15% of residual variability; SD 0.053). Finally, the residual variability is that due to the reproducibility of measurements of the same Cr at the same time. This is much smaller than the variability due to any of the other factors (12% of residual variability; SD 0.039), and confirms the earlier results that Cr measurement at any given time is highly reproducible at the various sites. A ugmented analysis of variance (ANOVA) table for the regression of the individual measurements of Cr from the pooled specimens on the specimen identifier, laboratory, and time, including the specified interactions, and also the variability due to each of these sources, as well as that due to residual error. The variance component is expressed as a standard deviation and represents the variability in the measured Cr due to each specified source; the proportion of residual variance explained is the proportion of the total sum of squares not accounted for by specimen (258.32 -251.48 = 6.84) that is explained by each factor.
Results
All of this supports the necessity of calibrating Cr readings from various sites to a common standard. To do this, we performed least squares regressions, regressing the Cr measured at the Cleveland Clinic reference core laboratory on the Cr measured at each individual laboratory. Table 2 presents slopes and intercepts from two such regressions -the first is based on the assays performed during the first calibration study and the second is based on assays performed during the second calibration study. Some sites vary very little, others vary moderately over time; in no case did recalibration cause either slope or intercept to vary across most of the range of the slopes and intercepts. Both intercept and slope vary from laboratory to laboratory. In these studies, variations in both intercept and slope were found to be important as illustrated in figures 3 and 4 . This argues that calibration can be improved by estimating slopes as well as intercepts, contrary to previous studies [5, 6] . Figure 3 illustrates the difference between individual laboratory results and the core laboratory across the range of Crs in the specimens tested. Depicted in this way, if slopes were essentially equal to 1, then each of the lines would be flat or horizontal, which most of the lines are not. Figure 4 illustrates this in a more formal way: figure 4a shows the difference between fully calibrated Cr (using both intercept and slope) and Cr calibrated using only an intercept and a The difference between the uncalibrated Cr and the full calibration. On the whole, the differences between the calibrated values are substantially less than the differences between calibrated and uncalibrated Cr. Nonetheless, the difference between the different calibrations is sometimes substantial, especially at higher levels of Cr (beyond the range of Crs in the 5 pooled specimens). Even in the lower range of SCr, differences between the calibrations could be larger than 0.1 unit. The range of calibration-corrected values for eGFR based on a SCr measurement made at an individual laboratory. The eGFR is for a 45-year-old white male. The x-axis shows the initial, uncorrected value of the SCr measured at a given laboratory. The y-axis plots the smallest or largest value of eGFR that would result from a correction. Thus, an uncorrected Cr of 1.0 from one (extreme) laboratory would correspond to a corrected eGFR of 67, and that from another (opposite extreme) laboratory would correspond to a corrected eGFR of 107. Proportion eligible for inclusion in CRIC, by laboratory criterion. This figure shows the proportion of subjects deemed eligible for inclusion in CRIC, by laboratory of origin, and according to whether eligibility is based on uncalibrated eGFR, or eGFR based on the first or second calibration equations, or using a fixed-slope method as described in the text.
fixed slope (fixed-slope calibration). Using only intercept results in substantial variation from fully calibrated values, especially at high values of SCr. Figure 4 b demonstrates the difference between fully calibrated and uncalibrated values. On the whole, the differences between the calibrated values are substantially less than the differences between calibrated and uncalibrated Cr. We considered the consequences of different calibration methods for measurement of SCr and eGFR. Figure 5 a shows how a SCr at a given laboratory translates into corrected or calibrated Cr; for example, a subject with a Cr of 2.0 could have a calibrated Cr as low as 1.7 (if the original assay were done at one site) or as high as 2.3 (were the original assay done at another). Although overall variability increases with higher Cr, the relative variability declines somewhat, i.e., measurement of higher levels of Cr is somewhat less variable as a percent of the absolute value. For instance, at a Cr of 1.0, the range is 0.83-1.25 or 42% (0.42/1.0 = 42%), whereas at 4.0, the range is 3.48-4.52 or only 26% (1.04/4 = 26%). Figure 5 b shows how different serum values of uncalibrated SCr translate into eGFR (a hypothetical 45-year-old white male is used in the illustration). This dramatically demonstrates how variability in Cr measurement at lower values (e.g. SCr in the 1.0-2.0 range) has the expected greater effect on eGFR variation than at higher SCrs (e.g. 1 3).
Finally, we considered how different calibration methods affect eligibility into the CRIC Study. Figure 6 shows the proportion of subjects screened at each site who were deemed eligible for inclusion in CRIC, using eGFRs based on different versions of SCr (fully calibrated and fixedslope calibrated values from both periods, and uncalibrated values). The proportion varied substantially by site, from 60 to 1 90%; this reflects in part the different populations screened at the various sites. In addition, the proportion deemed eligible by various criteria sometimes varied substantially, depending on which calibration was used. For example, at site 101, only 64.6% of subjects would be deemed eligible without calibrating Cr, whereas 84.7% were eligible using the first calibration coefficients. The differences between the fixed-slope calibrations and full calibrations were largest for laboratories in which the slopes differed substantially from 1; these differences were, on the whole, smaller than differences between calibrated and uncalibrated Crs. Ultimately, in CRIC, we determined enrollment eligibility based on eGFR using calibrated SCr measurements obtained locally at each enrolling clinical site and regression equations including both slope and intercept terms, which were updated over time during the window of enrollment.
Discussion
CKD is recognized to be a major public health problem leading to both end-stage renal disease and premature cardiovascular disease. The most common method to currently diagnose CKD is measurement of SCr and subsequent estimation of GFR [11] . Because of the convenience and overall accuracy of estimating equations, many clinical laboratories started reporting eGFR before SCr calibration issues were fully addressed. The potential inaccuracy in eGFR due to calibration errors in Cr measurement has not been sufficiently appreciated in the past. This study demonstrates significant variability in SCr determinations in clinical laboratories associated with academic medical centers prior to the start of the CRIC Study recruitment in 2002. This variability has significant clinical implications and also substantial potential to affect clinical research studies whose enrollment of participants is dependent on Cr-based measures of eGFR.
In the present study, this variability was more pronounced across centers than over time, and differed depending on the absolute value of the Cr concentration (variation in both slope and intercept of the correlation relationship). As expected, based on the nature of the relationship between SCr and eGFR, this variability particularly affects eGFR at higher eGFR values (lower Cr) as previously reported [6] .
Since our analysis is based on a 'split sample' approach, observed differences in Cr measurement cannot be due to changes in renal function or other biological causes, but rather are due to assay measurement issues. Measurement variation of Cr occurs based on machine type and manufacturer, method, and calibration to standards [12, 13] . College of American Pathologists surveys have shown that calibration 'bias' in SCr measurements is very common, and in fact SCr was the analyte most frequently showing a significant calibration bias among routine chemistry panels [4, 14] .
The impact of these calibration differences in Cr on eGFR is potentially significant. This will be particularly true when trying to distinguish variations in eGFR values from two different laboratories or when trying to classify the stage of kidney disease. Unless properly calibrated, relatively low SCrs (e.g. 1.2-1.5 mg/dl) might reflect either a normal GFR (i.e. 1 60 ml/min/1.73 m 2 in the absence of other evidence of kidney disease such as proteinuria) or stage 3 CKD (in which eGFR is ! 60 ml/min/1.73 m ml/min/1.73 m 2 . This can have not only clinical implications but also perhaps financial implications (e.g. insurance billing). The variations in measured Cr have significantly more relative effect at lower Cr values (higher GFRs) than at higher Cr values (lower GFR) ( fig. 5 ).
The present study has several strengths compared to other reports. First, actual specimens with a range of absolute Cr levels, rather than pooled data or specimens [15] or simulations [16] , were used. Also, more recent samples rather than remote studies were used. In addition, the present analysis provides concrete illustration of the effect of variations in measured Cr on eGFR and directly impacted enrollment into a large, high-profile NIHsponsored CRIC Study.
The present study also has several limitations. First, only a limited number of laboratories were involved. However, these laboratories were all associated with academic medical centers and, hence, might be presumed to be at least as rigorous as clinical laboratories in general. Second, the use of plasma samples differs from the usual measurement of serum specimens; this presumably has minimal but unknown effects. The use of apheresis samples allowed the acquisition of large volumes which could be distributed to a number of laboratories and the ability to use the exact same sample over time.
This study highlights the importance of uniform standardization of the measurement of SCr across clinical laboratories and ongoing efforts like those led by the Laboratory Working Group of the National Kidney Disease Education Program (NKDEP) for standardization and improved accuracy of SCr measurements in clinical laboratories [17] . Under this effort, Cr reference materials will be traceable to primary reference material at the National Institutes of Standards and Technology (NIST), with assigned values traceable to isotope dilution mass spectrometry. As this plan is implemented, clinicians will need to recognize the impact on serial measured Cr (possible shifts in SCr due simply to laboratory calibration rather than to clinical change) and the necessity of this calibration (which will cause a calibration shift in many laboratories from prior historical values). Our data also emphasize the potential value of expanding similar Cr standardization efforts to countries outside of the United States.
Calibration of Cr is also crucial to ensuring standardized inclusion criteria for multicenter studies utilizing local laboratories for screening. The results here demonstrate that for multicenter studies, calibrated Cr values are needed if GFR is to be estimated based on formulae derived from a central laboratory. This was anticipated for the CRIC Study, and this anticipation initiated the present calibration studies. The present study demonstrates that calibration should include slopes as well as intercepts in developing equations to transform values to those of central laboratories in contrast to some prior recommendations.
In summary, we have documented substantial variation in Cr assays across clinical laboratories prior to the start of recruitment. We also determined that variations in Cr measurements occurred within the same laboratories across time (albeit to a lesser degree than that across different laboratories). We found that both slope and intercept corrections need to be taken into consideration for optimal calibration and this was the approach that was ultimately adopted in CRIC to aid enrollment and minimize opportunities for selection bias. Our studies strongly support the current plans underway to standardize SCr measurements and the use of these with appropriate matched equations [18, 19] .
